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[1] We investigated surface and deep ocean variability in the subpolar North Atlantic from 1000 to 500
thousand years ago (ka) based on two Ocean Drilling Program (ODP) sites, Feni drift site 980 (55290N,
14420W) and Bjorn drift site 984 (61250N, 24040W). Benthic foraminiferal stable isotope data, planktic
foraminiferal faunas, ice-rafted debris data, and faunally based sea-surface temperature estimates help test the
hypothesis that oceanographic changes in the North Atlantic region were associated with the onset of the 100kyr world during the mid-Pleistocene revolution. Based on percentage of Neogloboquadrina pachyderma (s)
records from both sites, surface waters during interglacials and glacials were cooler in the mid-Pleistocene than
during marine isotope stages (MIS) 5 and 6. In particular, interglaciations at Bjorn drift site 984 were
significantly cooler. Faunal evidence suggests that the interglacial Arctic front shifted from a position between
the two sites to a position northwest of Bjorn drift site 984 after ca. 610 ka. As during the late Pleistocene,
we find faunal evidence for lagging surface warmth at most of the glacial initiations during the midPleistocene. Each initiation is associated with high benthic d13C values that are maintained into the succeeding
glaciation, which we term ‘‘lagging NADW production.’’ These findings indicate that lagging warmth and
lagging NADW production are robust features of the regional climate system that persist in the middle to late
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1. Introduction
1.1. Mid-Pleistocene Revolution
[2] The mid-Pleistocene revolution (MPR) is the name
given to the period of time when the dominant periodicity
of glacial-interglacial cycles changed from the 41-kyr
obliquity signal to the 100-kyr eccentricity signal [Berger
and Jansen, 1994]. The MPR occurred between about
1200 and 600 ka, although the exact timing is uncertain
[e.g., Pisias and Moore, 1981; Prell, 1982; Ruddiman et
al., 1989; Raymo et al., 1989; Berger et al., 1993; Berger
and Jansen, 1994]. A large increase in Northern Hemisphere ice volume was followed by increased dominance
of the 100-kyr period during the MPR (Figure 1). Benthic
d18O increased by about 0.29% at 920 ka which
corresponds to a sea level fall of about 30 m [e.g., Prell,
1982; Ruddiman et al., 1989; Mix et al., 1995]. This
increase precedes the start of the dominance of the 100kyr period at about 650 ka [e.g., Mudelsee and Schulz,
1997; Maasch, 1988].
[3] The MPR is a major feature of the Pleistocene climate
record that has yet to be adequately explained. In particular,
it is not known why the 100-kyr periodicity became
Copyright 2002 by the American Geophysical Union.
0883-8305/02/2002PA000782

dominant about 750– 650 ka while the 100-kyr eccentricity
forcing declined. This ‘‘100-kyr problem’’ includes finding
a mechanism that would amplify the climate system’s
response to relatively weak insolation forcing [Imbrie et
al., 1993]. The lag between ice growth at 920 ka and onset
of the 100-kyr world at 750 –650 ka indicates decoupling
between ice volume and the 100-kyr cycle [Mudelsee and
Schultz, 1997].
[4] The MPR may have been associated with changes in
deep ocean circulation. At mid-Atlantic Ridge site 607,
which is an excellent monitor of North Atlantic Deep Water
(NADW)/Southern Ocean Water (SOW) variability, Raymo
et al. [1997] found greater suppression of NADW without
any associated increase in the d18O record from about 950 to
350 ka. This decoupling between ice volume and NADW
variability may have been caused by greater sea-ice cover,
which would cool the region and influence NADW production in the winter, but have little effect in the summer.
Raymo [1997] attributed the MPR to the growth of larger
Northern Hemisphere ice sheets after a long term, tectonically driven decrease in atmospheric pCO2, augmented by
positive feedbacks in the climate system, including a
decrease in NADW production.
[5] Venz et al. [1999] found percentage of ice-rafted
debris (IRD) peaks at deglaciations throughout the MPR
associated with d13C minima at intermediate depth North
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Figure 1. (a) Deep Pacific ODP site 849 benthic oxygen isotope record based on C. wuellerstorfi. (b)
Same record filtered at 100 kyr with a bandwidth of 0.0017 cycles/kyr [after Mix et al., 1995]. (c) North
Atlantic site 607 SST record based on transfer function technique [Ruddiman et al., 1989]. Note the low
SSTs during the mid-Pleistocene from 1000 to 700 ka.

Atlantic site 982. The largest of these events, known as
Terminal Ice Rafting Events (TIREs), occurred during MIS
24 (920 ka) with a peak of over 90% IRD that corresponds
with a distinct minimum in d13C at site 607. This peak
initiated a long-term trend of decreasing percentage of IRD
peaks and lesser d13C minima at glacial terminations beginning during MIS 24 (920 ka) and lasting until about 420
ka. This may be consistent with coeval trends in South
Atlantic carbonate deposition [Schmieder et al., 2000] and
NADW suppression [Raymo et al., 1997].
[6] During terminations of the last 1 Myr, Venz et al.
[1999] suggested that production of Glacial North Atlantic
Intermediate water decreased in part because of the melting
of icebergs and low-salinity surface waters. This would
have resulted in less ventilation of the mid-depth North
Atlantic during terminations, sometimes lasting well into
the interglacials before production of upper NADW
resumed. Sea-ice cover may have reduced deep convection
in the subpolar North Atlantic and led to NADW suppression. Sea-ice cover may also explain the decoupling found
between global ice volume and deep water circulation
because sea-ice coverage and marine ice shelves may have
changed the location and impact of intermediate and deep
water production, and may not have affected benthic d18O
values.
[7] Such changes in NADW formation may have been
linked to changes in subpolar North Atlantic surface ocean-

ography, because surface processes including advection of
high-salinity Gulf Stream waters strongly influence deep
convection in the Nordic Seas [Broecker, 1991]. In particular,
a more southerly position of the Gulf Stream system and the
Arctic front during glaciations would result in NADW
formation in the subpolar North Atlantic as opposed to the
Norwegian-Greenland Sea. Arctic front position and variability also affect poleward heat and moisture transport. Some
evidence exists for cooler SSTs in the subpolar North Atlantic
during the mid-Pleistocene, based on planktonic foraminifera
faunal data from DSDP site 607 [Ruddiman et al., 1989]. A
gradual increase in Transfer Function Technique (TFT)
summer SSTs is seen from about 1000 to 700 ka, preceding
the establishment of the 100-kyr world (Figure 1). Therefore
changes in Arctic front variability from 1000 to 500 ka may
have been associated with the initiation of the 100-kyr
glaciations during the MPR.
1.2. Glacial-Interglacial North Atlantic Arctic
Front Swings
[8] Surface ocean circulation is a major control of heat
distribution throughout the North Atlantic [e.g., McCartney
and Talley, 1984; Schmitz and McCartney, 1993]. The warm
Gulf Stream in particular plays an important role in moving
heat and moisture to the far north subpolar Atlantic during
interglacials such as the present-day. The Arctic front is
defined as the boundary between cold Arctic waters and
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warm Atlantic waters [e.g., Helland-Hansen and Nansen,
1909; Johannessen et al., 1994]. During the Holocene, the
subpolar North Atlantic is characterized by a large east
(warm) to west (cool) SST gradient; IRD deposition occurs
only to the west of Iceland. This combination results in an
Arctic front with a roughly southwest to northeast orientation, located west of Iceland. This pattern allows for a
relatively large amount of heat and moisture transport
toward the pole via the Gulf Stream system and associated
NADW formation. Heat transport by the Gulf Stream
system may help to keep the Fennoscandian region relatively warm today [e.g., Rahmstorf, 1994].
[9] During the LGM (20 ka), the warm Gulf Stream
waters probably did not reach subpolar North Atlantic
regions north of about 50N [Climate, Long-Range Investigation and Mapping (CLIMAP), 1976; Ruddiman and
McIntyre, 1981a; Hewitt et al., 2001]. The Arctic front
was oriented roughly east-west, stretching from about Newfoundland to Portugal and IRD was deposited across the
entire subpolar North Atlantic. This position resulted in low
heat and moisture transport toward the pole. Deep convection occurring in the subpolar North Atlantic was associated
with reduced poleward heat transport (the Boreal heat
pump) compared to interglacial deep convection in the
Nordic Seas (Nordic heat pump) [Lehman and Keigwin,
1992; Imbrie et al., 1992].
[10] In this paper, we use high-resolution isotopic, faunal,
and percentage of IRD data to examine the detailed relationships among NADW formation, Arctic front variability, and
the onset of the 100-kyr world. We find that changes in
Arctic front variability are associated with the initiation of
100-kyr glaciations during the MPR, but that NADW
exhibited variability similar to the late Pleistocene. We
suggest that the mid-Pleistocene was associated with a more
southerly interglacial Arctic front that shifted to the northwest during the late Pleistocene. Futhermore, glacial initiations were associated with lagging surface warmth and
continued NADW production throughout the mid- to late
Pleistocene.

2. Study Area
[11] The subpolar North Atlantic is a key area for the
study of ocean circulation changes during the Pleistocene
because of its proximity to and interactions with Northern
Hemisphere ice sheets. Long cores of pelagic sediments
with high-sedimentation rates, such as those recovered at
several North Atlantic drift deposits by Ocean Drilling
Program (ODP) Leg 162 are very useful for high-resolution
studies [Jansen et al., 1996]. These high-sedimentation rate
drift deposits are formed by deposition of fine-grained
material by bottom currents; the interaction of currents with
bathymetric features causes the fine-grained material to
settle out, expanding the sediment sequences [McCave et
al., 1995; Van Weering and Rijk, 1991].
[12] Site 984 is located on Bjorn drift, on the Reykjanes
Ridge southwest of Iceland in about 1650 m water depth
(Figure 2). It has high-sedimentation rates of about 5– 12
cm/kyr during the MPR [Shipboard Scientific Party, 1996].
The sediments are dominated by rapidly accumulating finegrained terrigenous particles and pelagic sediments. The
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dominant lithologies include silty clay, clay, clayey nannofossil mixed sediment, and clay with some nannofossils and
silt. Ash layers are present through the upper sediment
column and authigenic iron sulfides are common throughout. Nannofossil oozes with variable amounts of clay and
sponge spicules also are present [Jansen et al., 1996].
Planktonic foraminifera are generally common and wellpreserved in the Pleistocene section [Flower, 1999].
[13] Site 980 is located on Feni drift, on the northwest
flank of the Rockall Trough, west of Ireland in about 2100
m water depth (Figure 2). It also had a high-sedimentation
rate of about 11.4 cm/kyr during the MPR [Shipboard
Scientific Party, 1996]. This area is influenced by geostrophic currents formed by Norwegian Sea overflow waters
flowing across the Iceland-Scotland Ridge and by deeper,
southern waters (including Antarctic Bottom Water). Sediments consist of rapidly accumulating nannofossil ooze
with variable amounts of clays and clayey nannofossil
sediments [Jansen et al., 1996]. Planktic foraminifera are
abundant and well-preserved throughout the Pleistocene
section [Flower, 1999]. Feni drift is located on the northern
edge of the glacial North Atlantic IRD belt [Ruddiman,
1977; Ruddiman and McIntyre, 1981a, 1981b] and the
Heinrich event zone [Heinrich, 1988] making it a good
recorder of ice rafting derived from Hudson Bay, as well as
Scandinavian and Greenland sources.

3. Methods
3.1. Stable Isotopes
[14] For site 980, oxygen and carbon isotope records
were derived from the benthic foraminifer Cibicidoides
wuellerstorfi. The bulk of this data was generated on a
Micromass Precision Isotope Ratio Mass Spectrometer
(PRISM) with a 90C common acid bath in the Stable
Isotope Laboratory, University of California, Santa Cruz.
Analytical precision is better than 0.08% for d18O and
0.05% for d13C. Specimens were sonicated in methanol to
remove adhering fine particles and oven dried at <50C.
Data are reported relative to the Vienna Pee Dee Belemnite (VPDB) carbonate standard. Additional data were
generated on a Finnigan DeltaPlus XL isotope ratio mass
spectrometer equipped with a Kiel III automated carbonate preparation device at the University of South Florida.
External precision based on over 400 NBS-19 standards
run since July 2000 is better than ±0.04% for d13C and
±0.08% for d18O. The site 980 benthic isotope record
has an average temporal resolution of about 790 years
(Figure 3). At site 984, oxygen isotope records, derived
from the benthic foraminifer Cassidulina teretis have a
resolution of about 2.5 kyr (Figure 3).
3.2. Foraminiferal Faunal Counts
[15] Full planktic foraminiferal faunal counts were completed every 5 cm at site 980 and every 10 cm at site 984.
For each of these counts, the sample was split to about 500
grains, then species of planktonic foraminifera, benthic
foraminifera, mineral grains, rock fragments, ash, radiolarians, sponge spicules, echinoid spines, ostracods, authigenic material, and planktic foraminifera fragments were
counted. Average sample resolution was about 660 years at
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Figure 2. Subpolar North Atlantic Ocean Drilling Program sites 980 and 984 and Deep Sea Drilling
Project site 607.

site 980 and 870 years at site 984. IRD included mineral
grains and rock fragments.1
3.3. The Transfer Function Technique of
SST Estimation
[16] The Transfer Function Technique (TFT) of SST
estimation uses factor analysis and multiple regression to
transform faunal data into SST estimates [Imbrie and Kipp,
1971]. Down core faunal data are resolved into a number of
factors that are related to modern SSTs by regression
analysis. CLIMAP [1976] found that TFT is sensitive to
the selection of the right number of factors and statistically
relevant regression parameters, and that there was a problem
with a restricted number of suitable modern analogs. The
TFT uses an index called ‘‘communality’’ to estimate the
quality of the SST estimate. Defined as the similarity
between fossil and modern analogs, communality ranges
from zero to one, with one being the best [e.g., Cline and
Hays, 1976; Hutson and Prell, 1980; Prell, 1985; Guiot,
1991; Andersson, 1997].
1
Supporting data will be available electronically at World Data CenterA for Paleoclimatology, NOAA/NGDC, 325 Broadway, Boulder, CO
80303, USA, or by phone at 303-457-6513, e-mail: paleo@mail.ngdc.
noaa.gov; URL:http://www.ngdc.noaa.gov/paleo.

[17] At site 980, the mean communality throughout the
interval 1000 –500 ka was 0.976, with a summer glacial/
interglacial range of about 10C. At site 984, the TFT SST
estimates were suspect because of no-analog faunas.
3.4. Modern Analog Technique Temperature Estimates
[18] The Modern Analog Technique (MAT) of temperature estimation [Hutson, 1979; Prell, 1985] works by
matching the faunal assemblages of down core samples
with the assemblages seen in a worldwide modern core top
environmental database. We used the core top faunal and
SST data from 527 Atlantic cores in the Brown University
core top database [Prell et al., 1999]. We used the program
Analog [Prell, 1985] to compare our faunal assemblages at
site 980 using the squared-chord dissimilarity measure. For
each sample, the program selects the five modern-core top
analogs closest to our data (defined as the lowest dissimilarity coefficients) and the summer and winter SSTs associated with these five analogs are averaged to get summer
and winter SST estimates. The program derives a mean and
a standard deviation of the dissimilarity coefficients and of
the SST estimates for each of the five analogs.
[19] The MAT may offer several advantages over other
faunal assemblage SST estimation programs. Prell [1985]
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Figure 3. (top) Site 980 records versus depth in meters composite depth (mcd) with marine isotope
stages marked. (bottom) Site 984 records versus depth (mcd). Benthic oxygen and carbon isotope records
based on C. wuellerstorfi (site 980) and C. teretis (site 984; oxygen isotopes only).

found that the MAT estimated temperatures slightly more
accurately than the CLIMAP [1981] equation did. MAT
gives a measure of the success of temperature estimation
of the samples against each of the top analogs individually, while the TFT precision is found more generally
from the regression of all the samples. The standard
deviation of the MAT temperature estimate is the range
in temperature associated with that particular modern
fauna. A high-dissimilarity coefficient indicates there is
a no-analog condition, where no modern analogs exist in
the core top database. At site 980, the mean-average
dissimilarity coefficient through the interval 1000 – 500
ka was 0.09 with a standard deviation of 0.016. These
statistics are comparable to those considered acceptable
for MAT applications by several earlier studies [e.g.,
Prell, 1985; Anderson et al., 1989; Oppo et al., 1997].
The average standard deviation of the SST estimates is
1.76C. Quality statistics associated with modern analog
technique SST estimates at site 980 are as follows: dissimilarity, 0.0913; standard deviation, 0.0156; summer SST

standard deviation, 1.82C; winter SST standard deviation,
1.70C.
[20] At northern site 984, the MAT SST estimates resulted
in no-analog situations through most of our interval, which
may indicate that site 984 was too cold to give reliable SST
estimates with either the MAT or TFT techniques.
3.5. Stratigraphy and Chronology
[21] The timescale at site 980 was developed by correlating the benthic oxygen isotope record to the astronomically
tuned benthic oxygen isotope record from deep Pacific site
849 [Mix et al., 1995]. The fit between these two curves is
shown in Figure 4. Interpretation of the benthic isotope
stratigraphy was aided by paleomagnetic stratigraphy. The
Brunhes/Matuyama boundary (780 ka) [Shackleton et al.,
1990] was located at 87.35 meters composite depth (mcd)
and the Jaramillo chron (1050 – 990 ka) was located at
100.35 – 103.72 mcd. Our age model was then checked
against the ice-volume model of Imbrie and Imbrie [1980],
and minor corrections were made to improve the correla-
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Figure 4. Site 980 faunal records versus age. Benthic oxygen isotope records based on C. wuellerstorfi
from site 980 (solid line) and site 849 (dashed line) provided for reference, and MIS 14– 26 marked.

tion, taking into account the possibility of subducted
meltwater. Subducted meltwater is the idea that low d18O
values seen during deglacial times when IRD was still
present were due to meltwater and that the interglacial did
not start until the percentage of IRD was approximately
zero [Lehman et al., 1993; Raymo et al., 1998; Oppo et al.,
2001]. Raymo et al. [1998] found that at North Atlantic site
983 there was a link between deep water oxygen isotope
events and IRD events in the surface waters that was not
seen in the planktic oxygen isotope record. They argue that
this was due to subduction of low-salinity meltwater in an
area north of their site, affecting only the benthic isotope
record. Oppo et al. [2001] refined their benthic oxygen
isotope-based chronology for several cores in the subpolar
North Atlantic using d18O and percentage of IRD records
such that the first low percentage of IRD (6%) and low
d18O interval was assigned to be the beginning of the peak
interglacial (Stage 5e).
[22] Because of the possibility of subducted meltwater
influence during deglacial times, we allowed several of the

decreases in the benthic d18O records to be slightly older
than the associated deglaciations in the ice-volume model
[following Oppo et al., 2001]. This applied to benthic d18O
decreases just prior to MIS 14.0 (our age = 528 ka), 15.1
(579 ka), 16.0 (623 ka), 18.0 (712 ka), 20.0 (792 ka), and
22.0 (865 ka) [nomenclature from Prell et al., 1986], each
of which is about 1 – 5 kyr older than the associated icevolume decrease. Finally, we assumed that at site 980, the
percentage of the polar foraminifer Neogloboquadrina
pachyderma (sinistral or left coiling) could not exceed the
percentages at the more northwest site 984 at any given
time. This required minor modifications to the site 980 age
model at MIS 18 (708 ka) and MIS 20.0 (789 ka). Our age
model is an improvement on that found by Flower et al.
[2000], which did not consider the possible effects of
meltwater on the benthic oxygen isotope record.
[23] The age scale at site 984 was developed through
magnetostratigraphy, with the Brunhes/Matuyama boundary
at 107.84 mcd and the top of the Jaramillo at 131.76 mcd,
and correlation of the oxygen isotope record to the ice-
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Figure 5. Site 984 faunal records versus age. Benthic oxygen isotope records based on C. teretis from
site 984 (solid line) and on C. wuellerstorfi from site 849 (dashed line) provided for reference and MIS
14– 26 marked.
volume model of Imbrie and Imbrie [1980]. Fit between the
site 984 and site 849 oxygen isotope records is shown in
Figure 5. We again considered the possibility of subducted
meltwater signals in our record to allow decreases in the
benthic d18O records to be slightly older than the associated
deglaciations in the ice-volume model.

4. Results
[24] The stable isotope records at site 980 span glacial/
interglacial cycles from MIS 14 to MIS 25, and from MIS
14 to 21 at 984 (Figure 3). Glacial/interglacial variations
were also seen in the faunal data including the percentage of
N. pachyderma (s) and percentage of IRD. At site 980,
percentage of N. pachyderma (s) values range from about
3% in interglacials to about 98% during the glacials.
More northern site 984 had higher values ranging from
about 35 to 100%. The percentage of N. pachyderma
(dextral, or right-coiling) record showed glacial/interglacial
patterns that were generally inverse of the N. pachyderma
(s) record at both sites (Figures 4 and 5).
[25] There are 18 distinct cold peaks (values of greater
than 75%) in the percentage of N. pachyderma (s) record

through the 1000 – 500 interval at site 980. During MIS 14,
it exceeded 75% for 4 kyr. During MIS 16 there were five
peaks above 75% of 1 – 5 kyr duration. During MIS 18 there
were peaks of 12 and 6 kyr duration, one peak of 11 kyr
duration during MIS 20. There were five peaks during MIS
24– 22 of 1 – 7 kyr duration. MIS 26 had three peaks of 1 – 3
kyr duration (Figure 3).
[26] At site 984, the percentage of N. pachyderma (s)
values were very high throughout the 1000 – 500 ka interval,
only dropping below 75% 13 times for about 1 –12 kyr.
During the peak interglacials of MIS 15 and 19 it reached its
lowest values of about 35%. The percentage of N. pachyderma (d) record only exceeded 25% six times in the 1000–
500 ka interval, three times during MIS 16 for 1 – 3 kyr,
twice during MIS 19 for 1 – 10 kyr and once during MIS 21
for 1 kyr.
[27] The site 984 IRD number of lithics per gram dry
weight sediment (lithics/g) record had generally higher
values, at times an order of magnitude greater than at site
980. The concentration of IRD ranged from 0 lithics/g
during interglacials to as high as 4144 lithics/g during
glacials at site 980 and from 0 to 31,965 lithics/g at site
984 (Figures 4 and 5). While IRD concentrations at site 980
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during the 500– 0 ka interval exceeded 1000 lithics/g 11
times [McManus et al., 1999], the 1000– 500 ka interval
exceeded 1000 lithics/g 23 times, with 10 of those peaks
reaching greater than 2000 lithics/g. Throughout the 1000 –
0 ka interval, IRD peaks at glacial terminations were often
associated with negative excursions in the benthic d13C
record [McManus et al., 1999; this paper, Figure 4].

5. Discussion
5.1. Sea-Surface Temperature History
[28] For the 1000 – 500 ka interval at Feni drift site 980,
our TFT-derived SST estimates compare well with earlier
faunally derived SST estimates from the last few glacial/
interglacial cycles (Figure 6). Glacial/interglacial summer
temperature ranges of about 8– 10C are consistent with
findings on late Pleistocene SST in this region [e.g.,
CLIMAP, 1976; Ruddiman and McIntyre, 1979, 1981a,
1984; Ruddiman and Esmay, 1987]. Our MAT SST data
from site 980 (Figure 6) differed from these late Pleistocene SST estimates. Glacial/interglacial temperatures
exhibited a range of about 8 –10C after 700 ka and
10– 14C before 700 ka. Throughout the 1000 – 500 ka
MAT SST record, glaciations were about 1– 2C cooler
and interglaciations were warmer by about 1– 5C than
the late Pleistocene.
[29] The larger range of MAT SST before about 710 ka
is highlighted by the 20C summer temperatures during
interglacials MIS 19 and 21, which is not seen in our TFT
record. The squared-chord dissimilarity measure that we
used in our MAT SST estimates is usually the most
reliable equation for running the MAT [e.g., Prell, 1985].
Experiments with MAT equations other than the squaredchord dissimilarity from 1000 to 500 ka at site 980 also
gave these unusually warm temperatures, so they are not
an artifact of the equation used. The use of five analogs,
rather than 10 produced an insignificant decrease in
temperatures at MIS 19 and 21. During the unusually
warm times, analogs from the South Atlantic, particularly
off the coast of Northwest Africa and near the center of
the South Atlantic gyre occurred more frequently than any
other time.
[30] The TFT record at site 980 did not show the
extreme summer interglacial warming during MIS 19
and 21 seen in the MAT SST estimate (Figure 6). Ruddiman et al. [1987] found very low temperatures in their
TFT SST estimates from temperate North Atlantic site 607
at glacial MIS 22 and 18. They found a tendency for these
events to be immediately followed by relatively high-SST
estimates in the succeeding interglacials MIS 21 and 17.
While our record did not show the extreme cold at MIS 22
and 18 noted by Ruddiman et al. [1987], it does show
extreme warmth during one of the following interglacials
(MIS 21).
[31] Ruddiman et al. [1987] believed that these SST
events in their record were real and not artifacts of the
SST-estimation process because their faunal counts supported these extremes in temperature. Likewise, in our site
980 records, both warm events at MIS 19 and 21 had
percentage of N. pachyderma (s) values near zero for the
longest interval (<10% for 11 kyr at MIS 19 and 6 kyr at

MIS 21) in our entire record. The percentage of N. pachyderma (d) had its highest values in our record at these two
warm times of >40% for 11 kyr at MIS 19 and 5 kyr at MIS
21. The Globoconella inflata record indicated warmth at
both MIS 19 (30%) and MIS 21 (35%). The Globigerina bulloides record had its largest peak of 55% at MIS
21. Significantly, site 984 showed a major warming event at
MIS 19, although the MIS 21 warming was much smaller
(Figure 6). Although their magnitudes may be uncertain, it
is clear that MIS 19 and 21 were distinctly warm intervals in
the northeastern subpolar North Atlantic.
[32] The percentage of N. pachyderma (s) values at site
980 during MIS 5 (0% N. pachyderma (s)) and MIS 6 (90%
N. pachyderma (s)) [Oppo et al., 2001] were generally
lower than the 1000 – 500 ka interval at site 980. From 1000
to 500 ka interglacial values were consistently 3 – 5% which
showed that SSTs might have been cooler than during the
500– 0 ka interval. N. pachyderma (s) values from 1000 to
500 ka were about 5% higher than those from MIS 6 at
almost all the glacials. This indicates that it may have been
generally cooler in the Feni drift region during both glaciations and interglaciations during the 1000– 500 ka interval
than during the late Pleistocene. This is consistent with the
TFT SST results. We did not find that sea-surface conditions
were especially cool during MIS 18, 22, and 24 as found
during other glaciations in the North Atlantic [Ruddiman et
al., 1987] (Figure 6).
[33] At site 984, percentage of N. pachyderma (s) values
from 1000 to 500 ka were significantly higher than those of
nearby core EW9302-8JPC from MIS 6 (90%) and 5
(0%) [Oppo et al., 2001]. During the 1000-500 ka interval
at site 980, glaciations had almost 100% N. pachyderma (s),
resulting in a difference of about 10%. However, during
interglaciations, the percentage of N. pachyderma (s) only
dropped as low as 25– 50% resulting in a large difference
of 50 – 75% during interglacials between MIS 5 and
interglacials from 1000 to 500 ka in the Bjorn drift (Figure
6). This implied that interglacials from 1000 to 500 ka were
significantly cooler than MIS 5 on Bjorn drift.
5.2. Arctic Front Variability
[34] To investigate the variability of the position of the
Arctic front we compared percentage of N. pachyderma (s)
and percentage of Turborotalia quinqueloba records
through the 1000 – 500 ka interval. Johannessen et al.
[1994] found that the Arctic front is characterized by a
switch between dominance of N. pachyderma (s) in arctic
water, to increased T. quinqueloba near the sea-ice edge in
North Atlantic water. We use this switch in relative abundance of these two taxa to track the position of the Arctic
front (Figure 7).
[35] At site 980 from 1000 to 700 ka during glacials, the
percentage of N. pachyderma (s) values were generally high
(>80%), and the percentage of T. quinqueloba values were
low (>10%), indicating that the Arctic front was probably to
the south of the Feni drift area. During interglacials, the
percentage of N. pachyderma (s) values were significantly
lower and the percentage of T. quinqueloba values remained
low. This may indicate that the Arctic front swung north of
the Feni drift area during interglacials. Just after the peak
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Figure 6. At site 980 (a) benthic oxygen isotope curve, (b) summer MAT SST, and (c) summer TFT
SST records compared to summer SST estimates for the late Pleistocene (gray bars) for this area. Upper
gray bar is 12– 16C average interglacial and lower bar is 6 – 8C average glacial SST estimates from
cores near site 980 (RC9-225, CH73128, K708-1, K708-7, V23-82) [Ruddiman and McIntyre, 1979,
1981a]. Note that the TFT SST range throughout the record at site 980 is similar to the late Pleistocene
estimates. At site 980, (d) percentage of N. pachyderma (s) compared to levels from MIS 5 and 6 [Oppo
et al., 2001]. Note similar percentage of N. pachyderma (s) range compared to the late Pleistocene values.
At site 984 (e) benthic oxygen isotope record and (f ) percentage of N. pachyderma (s) compared to
values for MIS 5 and 6 from nearby core EW9302-8JPC [Oppo et al., 2001]. Note higher percentage of
N. pachyderma (s) during glaciations and especially during interglaciations at site 984 throughout the
1000 – 500 ka interval, compared to the late Pleistocene. (g) Measures of the success of the SST
estimations from site 980.
interglacials, as the percentage of N. pachyderma (s) record
began to increase indicating that the area was cooling, there
was often an increase from 10 to 20% in percentage of T.
quinqueloba of 3 – 7 kyr duration, which is consistent with
the Arctic front passing southward over Feni drift during
glacial initiations. This was seen at MIS 25/24, 23/22, 21/
20, and 19/18 (Figure 7). Beginning at MIS 16 at about 660
ka, percentage of T. quinqueloba values became higher
overall. The only times that percentage of T. quinqueloba

returned to very low values is during the extremely cold
glacial pulses in the percentage of N. pachyderma (s)
record (Figure 7). This may mean that the Arctic front
was located near the Feni drift area throughout much of
this interval, resulting in high percentage of T. quinqueloba values, and occasionally moved south of Feni drift
during glaciations.
[36] Data from northern site 984 confirm this pattern. The
percentage of N. pachyderma (s) values were very high
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Figure 7. Arctic-front (AF) indicator percentage of N. pachyderma (s) and sea-ice edge indicator
percentage of T. quinqueloba at sites 980 and 984 from 1000 to 500 ka. Arrows on percentage of N.
pachyderma (s) records indicate that when percentages are high, the Arctic front is southeast (SE) of a
given site, and when low is northwest (NW) of the site. Arrows on percentage of T. quinqueloba
records show that high percentages indicate the Arctic front was near the site, and low percentages
mean the Arctic front was far from the site. Together, the records suggest a northwest shift of the Arctic
front over site 980 during MIS 16 at 660 ka, and a further northwest shift over site 984 during MIS
15 at 610 ka.
(>80%) and the percentage of T. quinqueloba values were
very low (<5%) through most of the record from 1000 ka to
about 610 ka (Figure 7). This is consistent with our
suggestion that the Arctic front was generally to the south
of the area for much of this time. There are small excursions
of the percentage of T. quinqueloba record as seen at site
980 just after the warm interglacial percentage of N.
pachyderma (s) values at MIS 21/20 and 19/18, indicating
that the Arctic front may have moved over the area at these
times. After MIS 16, beginning at about 610 ka percentage
of T. quinqueloba values were generally higher, reaching
15% especially during times with lower percentage of N.
pachyderma (s) (>60%), which may indicate that the Arctic
front moved closer to the Bjorn drift and moved across the
area several times after about 610 ka (Figure 7). Together,
the sites 984 and 980 data suggest that before 660 ka the
glacial Arctic front was most often south of Feni drift and
moved northward after 660 ka. Similarly, the interglacial
Arctic front shifted northward over Bjorn drift after 610
ka (Figure 8).
[37] Overall, the faunal data from sites 980 and 984
indicate that there may have been a significant change in
surface water conditions in the subpolar North Atlantic from
about 660 to 610 ka. There does not seem to be a
corresponding change in deep circulation, as discussed in
a later section.
5.3. Bond Cycles During MIS 3 – 2 Versus MIS 16
[38] During MIS 3-2, there were six major ice-rafting
events called Heinrich Events 1 – 6 [e.g., Heinrich, 1988;
Broecker et al., 1990]. They occurred about 7 – 10 kyr apart,
with the final event coinciding with the Younger Dryas
event [e.g., Bond et al., 1992]. Most events were accompanied by low-foraminifera concentrations dominated by N.
pachyderma (s), indicating extreme cold. Superimposed on

this variability was a series of high-frequency SST variations, termed ‘‘Bond cycles’’ [e.g., Broecker et al., 1990].
Five of the six Heinrich events were found to occur at the
end of the cool phase of a Bond cycle and were followed by
warming to almost interglacial temperatures [Bond et al.,
1992].
[39] In our records of MIS 16 at southern site 980, we
found five events with percentage of IRD greater than 70%,
each of which was accompanied by high (>70%) N.
pachyderma (s) (Figure 9). There were five other significant
events of 30– 40% IRD, all of which correspond to high
percentage of N. pachyderma (s) (55– 90%). Of the total
of ten events, seven of them followed the pattern of gradual
cooling culminating in a Heinrich-like event, followed by
rapid warming.
[40] This evidence implies that Bond cycles and Heinrichlike events occurred during the mid-Pleistocene, at least
during MIS 16 in the northeast Atlantic. At northern site
984, where the IRD is derived primarily from nearby
Iceland, with possible contributions from East Greenland,
Svalbard, around the Arctic Ocean and western Europe,
there were many more high percentage of IRD events, and
the percentage of N. pachyderma (s) values were high
throughout, but only one or two IRD events coincide in
time to the Heinrich-like events at site 980. This may
indicate that site 984 was outside the belt of Heinrich-like
events during the mid-Pleistocene, as during the late Pleistocene. SST variations and IRD peaks exhibit a similar
timing and geographic pattern during MIS 16 and MIS 3-2
in the subpolar North Atlantic, suggesting a similar variability in surface conditions.
5.4. Glacial Terminations
[41] The question of whether subpolar North Atlantic
surface waters lead or lag global ice-volume change has
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Figure 8. The subpolar North Atlantic showing the average glacial (dashed line) and interglacial (dotted
line) Arctic front positions (a) before MIS 16 and (b) after MIS 16. After MIS 16, the interglacial Arctic
front moved to more northerly positions similar to the modern Arctic front positions. This may have
allowed for greater moisture transport to the subpolar North Atlantic.
long been investigated in the North Atlantic during both
glacial terminations and inceptions. Several studies have
found that the percentage of the polar foraminifer N.
pachyderma (s), a common proxy for SST, remained high
throughout the deglaciation, defined by the benthic oxygen
isotope data [e.g., Oppo et al., 1997, 2001]. This may
indicate that surface water warming did not lead global
ice-volume decrease. This lag has been difficult to reconcile
with a Northern Hemisphere control of global ice-volume
changes [e.g., Imbrie et al., 1992, 1993]. However, because
the percentage of IRD record indicates that the entire d18O
decrease is deglacial in age, a significant part of this
decrease may be due to low-salinity subducted meltwater.
Accordingly, the interglacial began as the percentage of IRD
record approached zero [following Lehman et al., 1993;
Raymo et al., 1998; Oppo et al., 2001], followed closely by
an increase in SST.
[42] The most well-defined terminations within our record
at site 980 were investigated to see how SST and other
regional surface water indicators (based on percentage of N.
pachyderma (s), percentage of IRD, and summer SST)
compared to global ice-volume variations (d18O) and deep
circulation (d13C). Figure 10 shows a typical example of a
glacial termination, MIS 20/19, at site 980. The deglacial
interval of the termination is denoted by shading and begins
with the first decrease in d18O, which is close to the age for
glacial termination given by Bassinot et al. [1994]. Shading
ends with the final return to warm conditions of the surface
water indicators. Benthic oxygen isotope values started to
decrease at about 795 ka. At about 788 ka, percentage of N.
pachyderma (s) and percentage of IRD values decreased,
indicating the start of warming in the surface water records.

Full-interglacial conditions were reached within 1 kyr.
There was a d13C minimum that accompanied the peak in
percentage of IRD, suggesting that there may have been a
reduction in the relative strength of NADW compared to
SOW at this time.
[43] In five of six of the terminations in the 1000 – 500 ka
interval at site 980, benthic d18O values appear to decrease
about 3 – 10 kyr before SST warming. Associated decreases
in benthic d13C and IRD pulses indicate some combination
of NADW decrease and SOW increase, as previously shown
for the past 1 Myr [Venz et al., 1999; Flower et al., 2000].
Ice-rafting processes may have delayed surface water warming. The d13C values continued to increase well into the
interglacial. These findings appear to confirm previous
work indicating that the North Atlantic surface waters did
not lead ice volume and that NADW recovery continued
into the succeeding interglaciation [Imbrie et al., 1992;
Oppo et al., 1997; Venz et al., 1999].
[44] After initial warming at about 627 ka, there was a
return to cool conditions from 624 to 623 ka during the 16/15
termination seen in SST, percentage of IRD, and percentage
of N. pachyderma (s) records (Figure 9). This abrupt cooling
event resembles the Younger Dryas event of the last deglaciation at about 10 – 1114C years, an event which was
characterized by a brief, short-lived return to glacial conditions [e.g., Broecker et al., 1988]. After the cold reversal,
SST warmed gradually into the interglacial. Previous work
by Sarnthein and Tiedemann [1990] used oxygen isotope
data from MIS 2/1 to MIS 18/17 and found Younger Dryasstyle cooling events at all six deglaciations. We found
distinct Younger Dryas-type events only at the MIS 16/15
transition and the MIS 22/21 transition (Figures 4 and 9),
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Figure 9. Heinrich-like events during MIS 16, seen as rapid events with very high percentage of IRD
and percentage of N. pachyderma (s). Dashed lines indicate five Heinrich-like events at Feni drift site
980, some of which do not appear to have counterparts at Bjorn drift site 984.
centered on the termination as during the classic Younger
Dryas event of the last deglaciation.
[45] These Younger Dryas-like events cannot be discerned at site 984, even though our sampling interval is
comparable to that at site 980. These climatic reversals may
not have occurred in the site 984 Bjorn drift region because
it remained cold throughout the deglaciation. A similar
pattern occurs in piston core records of Termination 2 at
this location [Oppo et al., 1997, 2001]. Feni drift site 980
may be located in a position that is far more sensitive to
millennial-scale climate oscillations such as Younger Dryastype events than the more northwestern Bjorn drift site 984.
5.5. Glacial Initiations
[46] During glacial inceptions, it has long been noted that
there may have been a lag of about 6000 years in the North
Atlantic SST relative to the 23-kyr precessional cycle of
benthic d18O [e.g., Ruddiman and McIntyre, 1981a, 1984;
Ruddiman et al., 1980]. This ‘‘lagging warmth’’ was seen as
a persistence of low, interglacial-like percentages of the
polar foraminifer N. pachyderma (s), and warm SST estimates after the time when the oxygen isotope values
indicated initiation of the next glaciation.

[47] Our records are of sufficiently high resolution to
discern many short (less than 1 kyr) variations in the
faunal data and in the SST estimates, which showed that
although it stays generally warm during the lagging warmth
times, there is still significant variability in the records
(Figure 11). This may mean that the steady warmth seen
in other records may be in part an artifact of lower sample
resolution as proposed by Oppo et al. [1997], who suggested that higher-frequency temperature oscillations may
help explain the lagging warmth. For example, high-frequency SST variability occurs during lagging warmth at the
MIS 5e/5d transition [McManus et al., 1999]. We follow
these authors and define lagging warmth as the interval
during which faunal SST indices suggest continued peak
interglacial warmth within error, allowing for brief cool
events. The lagging warmth period ends before the first
significant IRD of the following glacial appears. Agreement
between two of the three faunally based SST records
(percentage of N. pachyderma (s), MAT SST, and TFT
SST) lends confidence to our interpretation of lagging
warmth at each glacial initiation. However, MAT SST
appears to decrease before TFT SST during MIS 17/16,
21.5/21.4, and 25/24. Therefore the evidence for lagging
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Figure 10. Typical example of a glacial termination, MIS
20/19 at site 980. The shaded bar highlights the deglacial
interval defined as lasting from the first decrease in benthic
d18O values to the final disappearance of percentage of IRD
[e.g., Lehman et al., 1993; Oppo et al., 2001]. The sequence
of events at each termination begins with a benthic d18O
decrease, followed by a simultaneous benthic d13C decrease
and percentage of IRD increase, accompanied by cool
surface waters (TFT SST, MAT SST, and percentage of N.
pachyderma (s)). Benthic d13C increase (NADW recovery)
begins in the middle of the deglacial interval (shaded)
followed by rapid decrease in percentage of IRD. As
percentage of IRD nears zero, SST increases and percentage
of N. pachyderma (s) decreases rapidly to full interglacial
values, while d13C continues to increase through the
interglacial.
warmth at the latter initiations is equivocal. Warm SSTs
may have been maintained further south of site 980 such as
near site 607 during these intervals (Figure 1).
[48] At the MIS 15/14 glacial initiation, lagging warmth
lasting about 14 kyr is seen in the percentage of N.
pachyderma (s), TFT SST, and MAT SST records. All three
records undergo two short intervals of cooling followed by
return to warm conditions during this period between the
initial d18O increase and the end of the lagging warmth
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interval. Lagging warmth lasted about 6 kyr at the MIS 17/
16 initiation, and was seen in the percentage of N. pachyderma (s) and TFT SST records but not in the MAT SST.
The percentage of N. pachyderma (s) record maintained
peak interglacial values for about 3 kyr, then began a slow
increase for the final 3 kyr of the lagging warmth interval.
The TFT SST record showed warming throughout the
lagging warmth interval, while the MAT SST began to cool
almost immediately after the d18O values began to increase.
At the MIS 19/18 glacial initiation the percentage of N.
pachyderma (s), MAT SST, and TFT SST all showed the
lagging warmth interval which lasted almost 10 kyr. The
percentage of N. pachyderma (s) record maintains near-peak
interglacial values, gradually increasing throughout the
interval. The TFT SST and MAT SST records show some
variability while overall maintaining interglacial-like temperatures throughout the interval. The first significant IRD
peak occurs at the same time as the abrupt cooling in the
three surface records.
[49] The MIS 21.5/21.4 initiation has a lagging warmth
interval lasting about 4 kyr in the percentage of N. pachyderma (s) and TFT SST records, but not in the MAT SST
record. The percentage of N. pachyderma (s) and the TFT
SST both maintain peak interglacial values throughout the
interval, followed by rapid cooling, while the MAT SST
begins to cool at almost the same time as the initial d18O
increase.
[50] At the MIS 23/22 glacial initiation (not shown in
Figure 11) there is an interval of lagging warmth that lasts
about 4 kyr after the benthic d18O began to increase. The
cooling is abrupt, and occurs in the TFT SST, MAT SST,
and percentage of N. pachyderma (s) at the same time.
[51] At the MIS 25/24 initiation, the transition from
interglacial to glacial is more gradual. The percentage of
N. pachyderma (s) and TFT SST records show a lagging
wamth of about 8 kyr, but the MAT SST record does not.
The percentage of N. pachyderma (s) maintains interglaciallike values for about 4 kyr and then begins to gradually
increase. The TFT warms for about 4 kyr of the lagging
warmth interval before it begins to cool gradually. The MAT
SST begins to cool almost immediately after the initial d18O
increase (Figure 11).
[52] In summary, we found good evidence for lagging
warmth lasting 4 – 14 kyr at most of our glacial initiations
(Figure 11). During each of these intervals, the d13C
remained high, indicating that NADW production continued
into the glacial initiation as during the late Pleistocene
[Oppo et al., 1997]. During the MIS 15/14 and 17/16
initiations, the d13C and the SST began to decrease at
approximately the same time. During MIS 21.5/21.4, d13C
continued to rise for about 10 kyr beyond the glacial
inception interval. Overall, the d13C evidence indicates
continued NADW formation during each glacial initiation,
probably derived from areas south of site 980 consistent
with a more southerly Arctic front. Because of its association with lagging warmth, we term this phenomenon ‘‘lagging NADW production.’’
[53] At site 984, lagging warmth is not recorded by the
percentage of N. pachyderma (s) at any of the glacial
inceptions. This may indicate that lagging warmth during
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Figure 11. Site 980 glacial initiations. The shaded bars highlight the interval of lagging warmth defined
as lasting from the first clear increase of oxygen isotope values until the three SST indicators show
cooling (allowing for brief cool events) and before IRD significantly increases.

the mid-Pleistocene was spatially limited and did not affect
the more northwestern Bjorn drift area.
[54] Glacial initiations begin with an increase in benthic
oxygen isotope records indicating the start of ice sheet
growth. As ice growth continued, the salinity of surface
waters would increase as fresh water is removed [e.g.,
Duplessy and Shackleton, 1985]. This would have increased
the formation of deep waters in the North Atlantic, recorded
as an increase in benthic d13C at North Atlantic sites [e.g.,

Curry et al., 1988; Duplessy et al., 1988; Oppo et al., 1997;
McManus et al., 2002]. This would result in an increased
northward flow of warm water to replace the subducted
waters, increasing heat transport to the region. Warm water
may have been a source of moisture to the nearby growing
ice sheets through much of the glacial initiation, providing a
positive feedback for ice growth [e.g., Ruddiman and
McIntyre, 1979, 1981a]. McManus et al. [2002] suggest
that this mechanism, including positive feedback between
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surface warmth and continued NADW production, was
responsible for lagging warmth in the North Atlantic during
the MIS 5e/5d transition.

6. Conclusions
[55] The subpolar North Atlantic appears to have had a
distinctly different surface oceanography during the midPleistocene than in more recent times. Based on the percentage of N. pachyderma (s) records at two sites, glaciations and
interglaciations were slightly cooler during the mid-Pleistocene relative to the late Pleistocene. Significantly, interglacials were distinctly cooler than MIS 5 at Bjorn drift site 984
thoughout the 1000 – 500 ka interval.
[56] We tracked the approximate position of the North
Atlantic Arctic front through comparison of the relative
percentages of polar-water indicator N. pachyderma (s) and
sea-ice edge indicator T. quinqueloba. At Feni drift, from
700 to 1000 ka, there were brief increases in percentage of
T. quinqueloba following percentage of N. pachyderma (s)
increases at glacial initiations, which may indicate that at
these times the Arctic front was in the Feni drift area, and
then moved south during glaciations. Starting at about 660
ka, percentage of T. quinqueloba generally increased, indicating that at this time the Arctic front may have shifted to a
position closer to Feni drift. Similar shifts occurred at Bjorn
drift between 610 and 660 ka, indicating that the Arctic
front may have continued to migrate north to more strongly
influence the Bjorn drift area. Faunal data from sites 980
and 984 therefore indicate that there may have been a
change in surface water conditions in the subpolar North
Atlantic from about 660 to 610 ka, coinciding with the
establishment of the 100-kyr world during the MPR.
[57] At all six glacial terminations the sequence of events
began with a benthic d18O and d13C decrease, and percentage of IRD increase, which are indicative of deglacial
meltwater/IRD pulses and associated NADW decrease. This
was followed by an increase in benthic d13C values along
with an IRD decrease interpreted as the start of NADW
recovery. Rapid d13C increases appear to coincide with SST
increases based on the percentage of N. pachyderma (s) and
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TFT SST records. Benthic d13C values indicate NADW
recovery continued into the interglaciation. This pattern is
similar to that found for several late Pleistocene terminations [e.g., Oppo et al., 1997, 2001; Venz et al., 1999] and
does not appear to be consistent with North Atlantic
circulation as a driver of glacial terminations. However,
we note that lead/lag relations at terminations must be
interpreted with caution because of low-salinity effects on
benthic d18O, at least in the mid-depth North Atlantic. The
use of full faunal and IRD counts assists in establishing the
timing of the glacial to interglacial transition.
[58] When we investigated glacial terminations between
1000 and 500 ka, we found evidence for Younger Dryas-like
events at MIS 16/15 and 22/21 at site 980 only. This indicates
that such events occurred back into the 41-kyr world, but not
at every termination, and that these events may have been
restricted to the southeastern subpolar North Atlantic.
[59] We find good evidence for lagging warmth (defined
as the interval during which faunal SST indices suggest
continued peak interglacial warmth within error, allowing
for brief cool events) at most of the glacial initiations during
the mid-Pleistocene. Each initiation is also associated with
‘‘lagging NADW production,’’ based on the observation
that high d13C values are maintained into the succeeding
glacial initiation. Lagging NADW production occurred even
when the Arctic front was located further south than during
the late Pleistocene. Together with similar evidence from the
Late Pleistocene, these findings indicate that lagging
warmth and lagging NADW production are robust features
of the North Atlantic climate system that persist in the midto late Pleistocene.
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